This paper examines the problem of attitude estimation for passively magnetically stabilized spacecraft using only sun vector measurements. An analytical investigation of local observability is performed in the case where the spacecraft magnetic dipole is constant. This is relevant, since for passively stabilized spacecraft using permanent magnets and magnetic hysteresis rods, the hysteresis rod dipole moments are nearly constant at steady-state. It is shown that under reasonable assumptions on the Earth's magnetic field, not only are the attitude and angular velocity locally observable, but if one component of the magnetic dipole moment is known, then the remaining two components of the magnetic dipole moment are locally observable also. Numerical examples of three attitude estimation schemes are presented, demonstrating successful state estimation of passively magnetically stabilized spacecraft.
measurements. Sun-sensors provide sun-vector measurements, three-axis magnetometers provide measurements of the Earth's magnetic field vector, and star trackers are based upon the measurement of star pointing vectors. As such, several researchers have developed spacecraft attitude estimation schemes utilizing vector measurements, including stochastic estimators [1, 2] and deterministic observers [3, 4] . A comprehensive survey of spacecraft attitude estimation methods may be found in [5] .
The ability to estimate a spacecraft's attitude using only a single vector measurement is useful for situations when attitude sensors fail leaving only a single vector measurement, or on very small satellites which are not equipped with a number of attitude sensors. For example, [6] presents a real flight example where attitude is determined for a magnetically passively stabilized nanosatellite using only measurements of solar panel currents. The solar panel currents are pre-processed to obtain a sun-vector, which is then used within a multiplicative extended Kalman filter (MEKF) to estimate attitude and angular velocity.
Various authors have investigated both spacecraft attitude and angular velocity determination using a single vector measurement. In some cases, the vector measurement is augmented with a gyro which provides an angular velocity measurement [7, 8] . In other cases, the vector measurement is used alone [9, 10] . As is well known (and is demonstrated in Section III A of this paper for completeness), the attitude for a torque-free spacecraft is not observable when the single vector measurement is inertially fixed. Therefore, in all of these cases, observability of attitude relies on the time-varying nature of the vector measurement to provide sufficient observability over time.
Therefore, the applicability of the aforementioned estimation schemes are limited to the use of magnetometer measurements, since the Earth's magnetic field vector varies sufficiently over an orbit.
An analytical investigation of observability of angular velocity alone for a torque-free spacecraft using a single inertially fixed vector measurement has been performed in [11] . It is shown that angular velocity is locally observable provided the spacecraft is not in an equilibrium spin condition with angular velocity parallel to the sun-vector. Previous authors have also developed angular velocity estimation algorithms from a single vector measurement [12] [13] [14] , which would also be applicable in the inertially fixed vector measurement case.
In this paper, we treat the problem of online attitude estimation using sun-vector measurements only. Given the Earth's slow movement about the sun, sun-vector measurements can be treated as inertially fixed for practical purposes. We consider the case of a passively stabilized spacecraft utilizing permanent magnets and magnetic hysteresis rods. It was demonstrated with numerical examples based on real flight data in [6, 15] that it is indeed possible to estimate attitude and angular velocity for such spacecraft using only sun-vector measurements. In [15] , a constrained batch optimization optimization problem is proposed to determine the entire history of attitude and angular velocity, as well as identifying the permanent magnet and hysteresis rod parameters.
The purpose of this optimization procedure is primarily to estimate these magnetic parameters for calibration purposes. The determination of attitude and angular velocity in [15] is a by-product of the batch optimization needed to determine the magnetic parameters. This constrained batch optimization procedure is suitable for off-line implementation. The focus of the present paper is on attitude estimation schemes that are implementable in real-time. In [6] , the hysteresis rods are treated as negligible disturbances, and a MEKF is formulated for real-time estimation of the attitude and angular velocity only. As is demonstrated with an example in this paper, it is possible to neglect the hysteresis rods in the scenario considered in [6] , since the hysteresis rods are much smaller than the permanent magnets. When the hysteresis rods are more sizable, a different approach is needed and two such approaches are proposed in this paper. In addition, as demonstrated numerically in the present paper, neglecting the hysteresis rods (when applicable) comes with a penalty of reduced attitude estimation accuracy. Finally, neither [15] nor [6] present any analytical study of observability of the states and parameters to be estimated. By contrast, a significant portion of this paper is devoted to observability analyses.
In this paper, we first perform an analytical investigation of observability for spacecraft with known constant magnetic dipole (as is the scenario in the MEKF in [6] ), demonstrating that under a reasonable assumption on the Earth's magnetic field, both attitude and angular velocity are indeed locally observable from a single inertially fixed vector measurement. It is then shown that if the magnetic dipole is only partially known, then the remaining unknown part of the magnetic dipole is observable also. Justified by these observability results, three state estimation schemes are presented together with numerical examples. The first is a MEKF similar to that in [6] which neglects the hysteresis rods, and estimates attitude and angular velocity only. The second is a MEKF incorporating the hysteresis rod dipoles, but treats them as constant (they are nearly constant at steady-state).
This MEKF estimates attitude, angular velocity and the hysteresis rod magnetic dipole moments.
The third is a cubature Kalman filter (CKF) [16] , which incorporates the discontinuous hysteresis rod dynamics. This CKF estimates attitude, angular velocity and the hysteresis rod magnetic flux densities. The state estimation schemes increase in computational complexity from the first to the third, and it is demonstrated with numerical examples that the steady-state state estimation performance also improves from the first to the third. The final two state estimation schemes are applicable for any passively magnetically stabilized spacecraft, while the first is applicable only if the hysteresis rods are significantly smaller than the permanent magnets.
II. Preliminaries
In this paper, the n × n identity matrix will be denoted by 1 n , and the n × m matrix of zeros will be denoted by 0 n×m . When the dimension is clear from context, the subscript will be omitted.
The Euclidean norm of the vector x ∈ R n is denoted by ∥x∥ 2 .
Consider the system described byẋ
with initial condition x(t 0 ) = x 0 , where x ∈ R nx is the system state and f (x, t) :
piecewise continuous in t, and locally Lipschitz continuous in x, uniformly in t. Under the Lipschitz condition, the solution of (1) exists on some interval [t 0 , t 0 + δ] and is uniquely determined by the initial condition x(t 0 ) [17] . Consider in addition, the measurement equation
where y ∈ R ny is the measurement and h(x) : R nx → R ny . Definition 1. Consider two solutions x 1 (t) and x 2 (t) of (1). Then, h(x) is said to distinguish x 1 (t) and
if there exists a neighborhood B(x(t)) of x(t) such that h(x) distinguishes x(t) from every other solution of (1) passing through B(x(t)) at timet. positive for all x ∈ C o , which implies that [∂F/∂x] x has rank n for all x ∈ C o . Theorem 1 may now be applied to obtain the neighborhood A o ⊂ C o of x o . The mapping P n defined above is one-to-one.
Consequently, the mapping F is the composition of one-to-one functions. Proposition 1. Consider two solutions x 1 (t) and x 2 (t) of equation (1), and define y 1 (t) = h(x 1 (t)) and y 2 (t) = h(x 2 (t)). Assume that y 1 (t) and y 2 (t) are n-times differentiable for some n ≥ 0. Suppose that there exists a t
Proof. Suppose to the contrary that there does exist a t
for all i = 0, ..., n, which is a contradiction.
III. Problem Formulation
This section examines the observability of a rigid-body spacecraft's attitude and angular velocity from a single inertially fixed vector measurement. The spacecraft body-frame is denoted F b , while the inertial frame is denoted F I . The spacecraft attitude is represented by the rotation matrix 
where for any vector a, b ∈ R 3 , a × ∈ R 3 satisfies the cross-product relation 
where I ∈ R 3×3 is the spacecraft moment of inertia matrix about the spacecraft's center of mass,
is the spacecraft magnetic dipole moment in body coordinates, and b I (t) ∈ R 3 is the local Earth magnetic field flux density vector in inertial coordinates. In addition, we consider a single vector measurement of the form
where s I ∈ R 3 is a constant non-zero vector.
It is assumed that m b is bounded and continuous, and b I (t) is bounded and differentiable. Note that under these conditions, it follows that solutions of (3) and (4) are uniquely determined by the initial condition (C bI (t 0 ), ω bI (t 0 )). Furthermore, a simple argument will show that all solutions exist on t ∈ R. First, C bi (t) lies in SO(3), which is bounded. To this end, consider the rigid body's kinetic energy
From (6), we have
where λ min (I) > 0 and λ max (I) > 0 denote the minimum and maximum eigenvalues of I, respectively. Now, consider the unique solution of (3) and (4) corresponding to initial condition (C bI (t 0 ), ω bI (t 0 )), for some t 0 ∈ R. Along this solution, one obtains from (6) and (4) thaṫ
Since m
Consequently, application of Young's inequality to (8) gives
and application of (7) gives
Application of the comparison principle [17] to (10) yields
The inequalities in (11) show that the kinetic energy T (t) can have at most exponential growth either forwards or backwards in time, and finite for all t ∈ R. Therefore, it must be that (C bI (t), ω bI (t))
exists for all t ∈ R.
A. Indistinguishability for a Torque-Free Spacecraft
For completeness, we shall first consider the distinguishability of equations (3) and (4) under measurement (5) in the torque-free case (m b = 0). To this end, let (C bI (t), ω bI (t)) be any solution of (3) and (4), together with measurement
Note that equation (4) is independent of the attitude C bI , so it can be solved independently. Next, consider another solution (C bI (t),ω bI (t)) of (3) and (4), wherē
with corresponding measurements
where
for some fixed ϕ ∈ R. It is straightforward to show that (C bI (t),ω bI (t)) is indeed a solution of (3) and (4) . Note that C ϕ,sI corresponds to a rotation about s I through angle ϕ [19, pp. 10-12] , and consequently C ϕ,sI s I = s I . Therefore,s b (t) = s b (t) for all t ∈ R. Consequently, the solution
by making ϕ ∈ R in (15) small enough, the solution (C bI (t),ω bI (t)) can be made arbitrarily close (3) and (4) is locally distinguishable anywhere under the single inertially fixed vector measurement in (3), as is well-known.
B. Local Distinguishability for a Spacecraft with Known Magnetic Torque
It is not surprising that attitude is not distinguishable with a single inertially fixed measurement vector for a torque-free spacecraft, as demonstrated in Section III A. The reason for this is that the equation governing the angular velocity (4) is decoupled from the equation governing the attitude when m b = 0. One could expect that the distinguishability of solutions will improve if the spacecraft is affected by an attitude-dependent torque. One such torque is a magnetic torque, and this type of situation arises in spacecraft with passive magnetic stabilization.
In this section we consider the case where the magnetic dipole m b is known and constant. To examine distinguishability, we shall make use of Proposition 1 and Corollary 1. Differentiating (5) twice, and making used of equations (3) and (4) gives the system of equations (3) and (4). By Proposition 1, this solution is locally distinguishable at time t ∈ R, if equations (16), (17) and (18) are locally uniquely solvable at t ∈ R. Since the configuration manifold of the solution is SO(3) × R 3 , we need to examine the local solvability in a local coordinate chart centered on the solution (C bI (t),ω bI (t)). Such a coordinate chart can readily be constructed by considering the Lie Algebra so(3) associated with SO(3). In particular, we can locally represent C bI aroundC bI (t) by defining
where p ∈ R 3 , and exp(·) denotes the matrix exponential. Similarly, we define
to determine local distinguishability of (C bI (t),ω bI (t)), we examine the rank of the Jacobian of equations (16), (17) and (18) with respect to (p, q) about the solution (C bI (t),ω bI (t)). Noting that
the Jacobian of the system of equations (16), (17) and (18) with respect to (p, q) is obtained as
ands b (t) is given in (14) andb
is the Earth magnetic field vector in the spacecraft body frame along the solutionC bI (t), respectively.
We now examine the null-space of the Jacobian J p,q (t). To this end, let a, b ∈ R 3 , and suppose
Then, from the first two rows in (21), we find that we must have a = λ 1sb (t) and b = λ 2sb (t), for some λ 1 , λ 2 ∈ R. Furthermore, sinces b (t) ̸ = 0, the Jacobian J p,q has a non-trivial null-space if and only if either λ 1 ̸ = 0 or λ 2 ̸ = 0 (or both). From (22) and (23), we now have
where D = trace[I] − 2I, and the following identity (which can be verified by direct expansion) has been used
Note that D is positive-definite. To see why, decompose
the principal inertias and E ∈ SO(3) [20] .
Consequently, for (25) to hold, the third row in (21) leads to the necessary and sufficient
This in turn holds if and only if
for some λ 3 ∈ R 3 , which can be written as
It can be seen from (31) 
follows that the Jacobian J p,q (t) has full column rank if and only if det
The condition in (32) has a simple geometric interpretation. Namely, J p,q (t) has full column rank if and only if the following conditions hold.
Associated with (32), define the time-varying set
For fixed t ∈ R, the set F(t) is a hypersurface in SO(3) × R 3 . Given the significant variability of the Earth's magnetic field throughout an orbit [21] , it is very reasonable to make the following assumption: (3) and (4) with constant m b , the set of times T = {t ∈ R : (C bI (t), ω bI (t)) ∈ F (t)} has measure zero.
We now obtain the following theorem. (3) and (4) is
Proof. Consider a solution (C bI (t),ω bI (t)) ∈ SO(3) × R 3 of (3) and (4), with corresponding mea-
Corresponding to equations (16), (17) and (18), define the function
where x = (p, q), and C bI (q, t) and ω bI (q, t) are defined in (19) and (20) . Thus, we have [s
By Assumption 1, the Jacobian ∂F/∂x evaluated along (C bI (t),ω bI (t)) has full column rank for almost all t ∈ R. By Corollary 1, for each t / ∈ T there exists a neighborhood A(t) of x = 0 such that the mapping F (x, t) : (34) is one-to-one. Consider any other solution (3) and (4) passing through A(t) at time t, in the sense that (C (16), (17), (18) and (34), we have
, which implies that it is impossible to have
C. Local Distinguishability for a Spacecraft with Partially Known Magnetic Torque
In this section, we examine the local distinguishability in the case where the
where e i ∈ R 3 for i = 1, 2, 3 constitute the standard basis for R 3 , m p is a known constant dipole moment (aligned with the spacecraft y-axis), and m h1 and m h3 are constant unknown dipole moments. It is desired to be estimate C bI , ω bI and m h1 , m h3 . The motivation for this problem can be found in Section IV, where a permanent magnet with known dipole moment is aligned with the spacecraft body y-axis, and a pair of magnetic hysteresis rods are aligned with the spacecraft xand z-axes respectively. The hysteresis rod dipole moments are time-varying and unknown, but as shown in Section IV, they do tend towards nearly constant steady-state values. Defining
we set
in equations (3) and (4), and append the equatioṅ
We now consider the local distinguishability of solutions of (3), (4) and (38) with (37) again under the single inertially fixed vector measurement given by (5) . We proceed as in Section III B.
Writings b in (18) ass
differentiating one further time and making use of (17) and the identities (a
whereω bI is given in (4), and using (4) and (38)
We now proceed as in Section III B. Consider a solution
of (3), (4) and (38) with (37), with corresponding measurement given by (14) . Similar to Section III B, we define a local coordinate chart (p, q, r) ∈ R 3 × R 3 × R 2 of the configuration manifold
, by (19) , (20) and
equations given by (16) , (17), (39) and (40) with respect to (p, q, r) is given by 
where (dropping the time argument for brevity)
] , 
wherē
As in Section III B, we now identify the null-space ofJ p,q,r (t). To this end, let (a, b, c)
From (45), it follows that a = λ 1sb (t) and b = λ 2sb (t) for some λ 1 , λ 2 ∈ R. Substituting this into the third and fourth rows of (46) and using (45), leads tō
and
respectively. These in turn hold if and only if 
for some λ 3 , λ 4 ∈ R. Equations (49) and (50) can be written in matrix form as
withL
Clearly, any non-trivial solution of (51) cannot simultaneously have λ 1 = λ 2 = 0 and c = 0. Therefore,J p,q,r (t) and consequently J p,q,r (t) has full column rank if and only if detK(C bI (t),ω bI (t),m h (t)) ̸ = 0. Unlike the case in Section III B, this does not have a nice geometric interpretation. However, as in Section III B, we can define the time-varying set
For fixed t ∈ R, the setF(t) is a hypersurface in SO(3) × R 3 × R 2 . As in Section III B, given the significant variability of the Earth's magnetic field [21] , it is very reasonable to make the following assumption: (3), (4) and (38) with (37), the set of timesT = {t ∈ R : (C bI (t), ω bI (t), m h (t)) ∈F(t)} has measure zero.
In a similar manner to Theorem 2 in Section III B, we obtain the following theorem
and (38) with (37) is locally distinguishable under the measurement s b = C bI s I for almost all t ∈ R.
IV. Numerical Examples -Attitude Determination of Passively Magnetically Stabilized Satellite
In this section, we consider the attitude determination of a passively magnetically stabilized satellite, with a single sun-vector measurement generated by
where v k is zero-mean Gaussian with covariance R k = E{v k v T k } = 3.04 × 10 −4 (generated using MATLAB's randn function).
The spacecraft attitude motion is described by the equations (3) and (4) with magnetic dipole moment given by (37).
The hysteresis rod magnetic dipole moments are given by
where b hi is the hysteresis rod magnetic flux density, V hi the hysteresis rod volume, and µ 0 = 4π10
H/m is the permeability of free space. The hysteresis rod magnetic flux densities obey the differential
where h i = e T i C bI b I /µ 0 is the component of the Earth's magnetic field strength vector along the spacecraft e i axis. Finally,
, where b mi is the hysteresis rod saturation, h ci the hysteresis rod coercivity, and k i = 1/h ri where h ri is the hysteresis rod remanence.
When the hysteresis rods are appropriately sized, in steady-state the spacecraft attitude is such that the permanent magnet dipole is aligned with the Earth's magnetic field vector. As a result, since the hysteresis rod axes are perpendicular to the permanent magnet, their magnetic dipole moments tend towards zero. This appears to happen when the maximum hysteresis rod dipole moments (at saturation) are significantly smaller than the permanent magnet dipole moment. The paper [23] studies many existing on-orbit passively magnetically stabilized satellites, and demonstrates that when the hysteresis rods are too large (as they have been in some cases), they overwhelm the permanent magnets and the aforementioned steady-state attitude behaviour does not occur. In the next two subsections, we shall consider two scenarios; one with small hysteresis rods relative to the permanent magnets, and one with large hysteresis rods relative to the permanent magnets.
A. Small Hysteresis Rods
In this example, the satellite parameters from [24] Similar to [6] we formulate a multiplicative extended Kalman filter (MEKF) to solve this problem. Since formulation of MEKFs are standard [25] , we simply summarize the final form of the filter here. The attitude estimation error is defined multiplicatively in a similar manner to (19) by
for p ∈ R 3 , and the angular velocity estimation error is defined additively by
Multiplicative Extended Kalman Filter
Given an initial unbiased estimate (Ĉ bI (t 0 ) + ,ω bI (t 0 ) + ) of (C bI (t 0 ), ω bI (t 0 )) with covariance 2, 3 , ..., perform the recursion with k = 1, 2, ...:
1. Prediction step: integrate the equationṡ
over the interval
spectively, where
2. Correction step:
In this example, the initial attitude and angular velocity estimates are given byĈ bI (t 0 ) + = 1 3
andω bI (t 0 ) + = 0 3×1 , respectively. The initial state estimate covariance is given by Figure 3 shows the resulting transient attitude and angular velocity estimation errors. It can be seen that both converge rapidly. Table 1 shows the mean estimation errors computed over the periods from 1-3 orbits when the hysteresis rods are still very active (as shown in Figure 1 ), and 6-8 orbits when the hysteresis rods are almost inactive (as shown in Figure 1 ). As one would expect, the average estimation error is smaller once the satellite has converged to the steady-state attitude configuration. However, this shows that for a satellite with appropriately sized hysteresis rods (with much smaller capacity than the permanent magnets), reasonable attitude estimation, while treating hysteresis rod torques as disturbances, is still possible even before the steady-state attitude configuration has been reached. once again generated using a 10 th order International Geomagnetic Reference Field (IGRF) model [21] . Figure 4 shows the resulting hysteresis rod magnetic flux densities, which both approach near constant values near saturation. This is significantly different steady-state attitude behaviour compared with the example in Section IV A. With such large hysteresis rods, it is no longer appropriate to treat them as disturbances for the purposes of state estimation. Indeed, implementation of the MEKF from the previous section to this spacecraft proved unsuccessful. Instead, the hysteresis rod parameters m h1 and m h3 must be included in the state vector and estimated also. We shall examine two methods of doing this. In the first, no knowledge of the hysteresis rod parameters is assumed, but takes advantage of the hysteresis rod steady-state behaviour. In the second, knowledge of the hysteresis rod parameters is assumed. 
No Knowledge of Hysteresis Rod Parameters
In the case of no knowledge of the hysteresis rod parameters, we take advantage of their near constant steady-state behaviour. As such, for the purpose of state estimation, we treat the hysteresis rod dipole moments as unknown constant values to be estimated, as in Section III C. Figure 5 examines the local distinguishability condition for this scenario, with plots of detK evaluated along the given solution, whereK is given in (52). Note that for clarity, the columns ofK have been (58) and (59), define the additive hysteresis rod dipole moment estimation error as
The multiplicative extended Kalman filter from Section IV A is now modified to include the hysteresis rod dipole moments as follows.
Multiplicative Extended Kalman Filter
Given an initial unbiased estimate (Ĉ bI (t 0 ) 2, 3 , ..., perform the recursion with k = 1, 2, ...:
+ and integrate the equations (60), (61) and (62) over the interval
Correction step:
In this example, the initial attitude and angular velocity estimates are given byĈ bI (t 0 ) + = 1 3 ,
, respectively. The initial state estimate covariance is given by P (t 0 ) + = diag{0.25 · 1 3 , 0.003 · 1 3 , 100 · 1 2 }, and the process noise covariance is given by
The sample period is taken to be ∆t = t k − t k−1 = 1 second. The filter is applied from t 0 = 2000 seconds (approximately 1/3 orbit) onwards, since as shown in Figure   4 , the hysteresis rod flux densities have reached their steady-state condition by this time. Figure 6 shows the resulting transient estimation errors. It can be seen that they converge rapidly. Table 2 shows the mean estimation errors at steady-state. Compared with the steady-state estimation errors in Table 1 , when hysteresis rods are neglected, it can be seen that a significant improvement in performance can result from simply estimating the hysteresis rod dipole moments as if they are constant. 
Correspondingly, the kinematics in (3) are replaced by their quaternion equivalent [19, p. 26] 
Defining the state vector
for state estimation purposes we consider the systeṁ
where f (x, t) is determined by the right-hand sides of (65), (4) and (56), w ∈ R 5 is a zero-mean white noise process with covariance Q,
, and the measurement function c(x) is obtained from the quaternion equivalent of (54), and is given by c(x) = C bI (p)s I , where C bI (p) is given in (64). A complicating factor in this example is that the quaternion estimatep is required to satisfy a unit length constraint ∥p∥ 2 = 1. In addition, the hysteresis rod magnetic flux densities must satisfy the constraints [22] 
for i = 1, 3. Accordingly, following the approach in [26] , the quaternion estimatep(t k ) + is renormalized at each time step after the Kalman correction, and the hysteresis rod magnetic flux density estimatesb hi (t k ) + are then scaled such that the constraints in (69) and (70) are satisfied.
Similar to [26] , a second order correction term is then added to the posterior covariance. The cubature Kalman filter applied in this example is summarized as follows. 
Cubature Kalman Filter
(a) Numerically integrateẋ = f (x, t) from t k−1 +(j −1)δt to t k−1 +jδt with initial conditions corresponding to each of the previous cubature points
(b) Update the covariance P (t k−1 + jδt) − according to
, and compute new cubature points
3. Transform the cubature points to obtain 
, and compute the unconstrained correctionŝ 
Note that the recursion within Step 2 above is formulated to approximate the continuous propagation of the process dynamics and covariance (the system in (68) is continuous). The process noise covariance is taken to be Q = diag{10 −10 · 1 3 , 10 −8 · 1 2 }. The sample period is ∆t = t k − t k−1 = 1 second, and the propagation step is divided into ℓ = 10 sub-intervals.
To maintain consistency with the previous two numerical examples, the attitude estimation error is represented by the principal angle of rotation from the true attitude to the estimated attitude,
given by ϕ = cos to small values within 400 seconds, despite the large initial estimation errors. Table 3 shows the resulting mean steady-state estimation errors. Compared with Table 2 for the MEKF where the hysteresis rod dipoles are treated as constant, it can be seen that the state estimation scheme performs significantly better when hysteresis rods dynamics are incorporated. 
V. Conclusions
This paper has considered attitude estimation for passively magnetically stabilized spacecraft using only sun vector measurements. It was demonstrated with numerical examples, that for passively stabilized spacecraft using permanent magnets and magnetic hysteresis rods, the hysteresis rod dipole moments tend to near constant steady-state values. Correspondingly, analytical investigations of local observability have been performed by treating the spacecraft magnetic dipole moment as constant for two cases. In the first case, it is assumed that the dipole moment is fully known.
Such a scenario occurs when the hysteresis rod dipole moments are insignificant compared with the permanent magnets. It has been shown that under reasonable assumptions on the Earth's magnetic field, the spacecraft attitude and angular velocity are observable from a sun vector measurement alone. In the second case, it is assumed that one component of the dipole moment is known, but that the remaining two need to be estimated. Such a scenario occurs at steady-state when the hysteresis rod dipole moments are significant compared with the permanent magnets. It has been shown that again under reasonable assumptions on the Earth's magnetic field, the spacecraft attitude, angular velocity and the unknown part of the dipole moment are observable from a sun vector measurement alone. Motivated by these results, three state estimation schemes using sun-vector measurements only have been formulated for the estimation of spacecraft attitude, angular velocity and the hysteresis rod dipole moments. Numerical examples demonstrate that these schemes are very effective.
VI. Acknowledgements
This research was supported by a Natural Sciences and Engineering Research Council of Canada Engage grant.
